We have theoretically demonstrated direct fourth-harmonic generation (FHG) based on a quasi-phasematching (QPM) configuration in periodically poled lithium niobate. The wavelength dependence of period of FHG QPM gratings is calculated. Bandwidths of fundamental wavelength, temperature, and incident angle are also studied. We find a very wide bandwidth, as large as 115 nm, of fundamental wavelength near the wavelength of 3797 nm with the QPM period of 9.73 m. The numerical calculation shows that the conversion efficiency for QPM FHG and cascading QPM by two-step second-harmonic generation is almost identical.
Introduction
Since the prediction of quasi-phase matching 1 (QPM), it has been successfully used as a practical alternative to birefringent phase matching for frequencyconversion applications. 2, 3 QPM uses a periodic modulation in the nonlinear coefficient to compensate for refractive-index dispersion. An electrical poling technique has been developed to fabricate a QPM grating in which domains are periodically inverted. QPM takes advantage of using the largest diagonal elements of the nonlinear optical tensor ͑d 33 ͒, since the polarization of the interactive light waves is along the C axis of the crystal. In addition, because the walk-off effect can be avoided in the QPM configuration, higher conversion efficiency can be achieved by employing a crystal with longer length. Until now, periodically poled ferroelectric crystals, especially periodically poled lithium niobate (PPLN), have been commercially used in generating new coherent light sources through second-order nonlinear optical parametric process, such as optical parametric oscillation, 2,3 difference-frequency mixing, 4 and secondharmonic generation 5 
(SHG).
By cascading two-step SHG through birefringent phase matching in nonlinear crystals, such as fourth-harmonic light waves with much shorter wavelength, especially in the ultraviolet, can be generated. We call this approach cascading fourth-harmonic generation (FHG). Besides birefringent phase matching, cascading FHG by QPM SHG has also been studied in periodically poled crystals. [11] [12] [13] The schematic diagram of cascading QPM FHG is shown in Fig. 1(a) . Recently, collinear fourth-harmonic generation by two-channel multistep cascading in a single two-dimensional nonlinear photonic crystal is proposed. 14 Until now, direct FHG in nonlinear optical crystals has not attracted research attention, possibly owing to the very low fourth-order nonlinear coefficient ͑ ͑4͒ ͒. The other reason is lack of crystals with very large birefringence, which is necessary to implement birefringent phase matching in FHG. In a collinear FHG, birefringent phase matching requires n o ϭ n e
. Because n o
Ͻ n e 4 is always satisfied in the whole transparent region of birefringent crystals, such as lithium niobate, no birefringent phasematching angle can be found.
As we know, besides a second-order nonlinear optical tensor, a higher even-order nonlinear optical tensor is also modulated in periodically poled ferroelectric crystal with successive opposite domains, which implies that QPM can be applied to higher even-order nonlinear optical process. In this paper, we theoretically investigate direct FHG with a QPM configuration, and direct FHG's particular features differing from those of cascading QPM SHG are discussed in detail.
Here, we use lithium niobate crystal as an example to demonstrate the direct QPM FHG. As shown in Fig. 1(b) , FHG can be implemented by QPM in a PPLN crystal. Similar to the analysis for QPM SHG, with a small-signal approximation, the FHG intensity can be described as
3 is a constant, where I ͑0͒ is the intensity of the fundamental wave, L is the crystal length, n ͑n 4 ͒ is the extraordinary index of the fundamental (fourth-harmonic) wave, is angular frequency, c is light speed, 0 is permittivity, and ͑4͒ is the fourth-order nonlinear optical tensor. ⌬kЈ ϭ k 4 Ϫ 4k Ϫ 2͞⌳ 1 is the overall phase mismatch between interactive light waves and QPM gratings; ⌳ 1 is the first-order period of the QPM grating. ⌬kЈ ϭ 0 when the QPM grating period is
where is the wavelength of the fundamental wave. Figure 2 shows the period of the first-order QPM FHG grating in PPLN as a function of fundamental wavelength. The index values at different wavelengths are calculated from the Sellmeier equation. 15 The curve in the figure is calculated from Eq. (2) at the temperature of 100°C with a fundamental wavelength from 1.4 m to 6.0 m. As for UV generation, i.e., the fundamental wavelength at around 1.5 m, the period is calculated to be ϳ1.4 m, which is too small to be fabricated under current electro-poling techniques. A higher-order QPM FHG grating is needed to overcome this limitation in UV generation. When the fundamental wavelength is increased, the period of QPM gratings increases until the wavelength of 3797 nm is needed. The maximum period at this wavelength is 9.73 m. After the maximum point, the grating period decreases as the fundamental wavelength continues to increase. The tendency of the period curve in QPM FHG is totally different from that of QPM SHG in PPLN using diagonal nonlinear optical coefficient d 33 , in which the period of the grating is monotonically increased as the fundamental wavelength. 16 Yu et al. 17 reported a scheme for broadband second-harmonic generation with type I quasiphase matching by use of an off-diagonal nonlinear optical coefficient d 31 . Similarly, we can predict that there is a large bandwidth near the maximum point in the period-wavelength curve of QPM FHG shown in Fig. 2 .
The bandwidth of QPM FHS as a function of fundamental wavelength is obtained from Eq. (1). The calculated results are shown in Fig. 3 at the temperature of 100°C and with the PPLN length of 1 cm. At the wavelength of 2467 nm ͑⌳ ϭ 6.50 m, the bandwidth is calculated to be ⌬ ϭ 0.88 nm. At the wavelength of 3797 nm, just as discussed above, the bandwidth becomes very large. A bandwidth as large as ⌬ ϭ 115 nm shows that there is a very large acceptance of fundamental wavelength in QPM FHG. The insets in Fig. 3 are the wavelength dependence of relative intensity of QPM FHG at the central wavelength of 2467 nm and 3797 nm, respectively. From the inset (a) of Fig. 3 , we can see that the conversion efficiency is very sensitive to a fundamental wavelength around ϭ 2467 nm. In the inset (b), the conversion efficiency is almost the same over a broad wavelength range near the central wavelength of ϭ 3797 nm.
The temperature bandwidth calculated at the tem- perature of 100°C, and the length of 1 cm is shown in Fig. 4 . The bandwidth is increased monotonically as the fundamental wavelength increases until it reaches the wavelength of 5080 nm. After that, the bandwidth of temperature decreases smoothly. The inset of the figure shows the effect of temperature variation on the conversion efficiency at the wavelengths of 5080 nm and 2467 nm, and the temperature bandwidths at the two wavelengths are ⌬T ϭ 11.35°C and ⌬T ϭ 3.13°C, respectively.
Similarly, the calculated results of incident angle bandwidth are shown in Fig. 5 . The incident angle ␣ is defined as the angle between the direction of the incident beam and that of the incident plane of the PPLN. The tendency of the curve is similar to that of wavelength dependence on the QPM period, as shown in Fig. 2 . The maximum angle bandwidth is ⌬␣ Ϸ 3.36°near the wavelength of 3797 nm. The relative intensity as a function of the incident angle of the fundamental wave is displayed in the inset of the Fig.   5 
It is interesting to compare the conversion efficiency of direct QPM FHG with that of cascading FHG by two-step QPM SHG. As shown in Fig. 1 , polarizations of all interactive waves are along the C axis of the PPLNs to ensure the utility of the largest nonlinear optics tensors. We assume that the intensities of fundamental waves into PLNs are identical in the two situations and the lengths of PPLN are set to be 1 cm. Furthermore, the periods of PPLNs are careful chosen so that the overall phase mismatches disappear for both the direct QPM FHG and cascading FHG situations. The ratio of intensity of cascading fourth harmonic and direct FHG can be deduced under a small-signal approximation and is given as direct Ϸ 1, which means that conversion efficiency of the direct QPM FHG is almost the same as that of cascading FHG by two-step QPM SHG. We must point out that, in the QPM FHG process, although the possibility is very low, lower-order nonlinear optical effects such as higher-order QPM SHG can occur simultaneously, which will mask the QPM FHG process. Based on the discussions above, we believe that the direct QPM FHG proposed in this paper should be a practical way for generating new coherent light sources.
In conclusion, we have theoretically demonstrated direct FHG based on the QPM configuration in PPLN. The wavelength dependence of period of QPM gratings and the bandwidths of fundamental wavelength, temperature, and incident angle are also numerically calculated. Very large bandwidth ͑⌬ ϭ 115 nm͒ of fundamental wavelength is found near the wavelength of 3797 nm. The numerical calculations show that the conversion efficiency for both QPM FHG and cascading QPM SHG is almost identical. In this paper, although PPLN is applied as an example to demonstrate QPM FHG, other materials that can be periodically poled can also be applied. We believe that QPM FHG may have potential applications in laser frequency conversion. This research was supported by the National Natural Science Foundation of China (grants 60477016 and 60407006) and the Foundation for Development of Science and Technology of Shanghai (grant 04DZ14001). The corresponding author Xianfeng Chen, and his e-mail address is xfchen@sjtu.edu.en.
